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systemAbstract In this paper, a new nonlinear augmented observer is proposed and applied to satellite
attitude control systems. The observer can estimate system state and actuator fault simultaneously.
It can enhance the performances of rapidly-varying faults estimation. Only original system matrices
are adopted in the parameter design. The considered faults can be unbounded, and the proposed
augmented observer can estimate a large class of faults. Systems without disturbances and the fault
whose finite times derivatives are zero piecewise are initially considered, followed by a discussion of
a general situation where the system is subject to disturbances and the finite times derivatives of the
faults are not null but bounded. For the considered nonlinear system, convergence conditions of the
observer are provided and the stability analysis is performed using Lyapunov direct method. Then a
feasible algorithm is explored to compute the observer parameters using linear matrix inequalities
(LMIs). Finally, the effectiveness of the proposed approach is illustrated by considering an example
of a closed-loop satellite attitude control system. The simulation results show satisfactory perfor-
mance in estimating states and actuator faults. It also shows that multiple faults can be estimated
successfully.
 2016 Chinese Society of Aeronautics and Astronautics. Production and hosting by Elsevier Ltd. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
A satellite attitude control system is an essential subsystem for
accomplishing successful space missions. Due to the increasing
requirement for high safety and reliability, fault diagnosis for
satellite attitude control systems has been an importantresearch topic. Fruitful results can be found in many
researches.1–3
During the last two decades, model-based fault diagnosis
techniques have been widely researched and applied in modern
systems.4,5 Generally speaking, model-based fault diagnosis
strategy performs three essential tasks: fault detection, fault
isolation and fault estimation.6,7 Fault estimation is the supe-
rior lever of the three tasks. Accurate fault estimation implies
that it not only detects and isolates the fault automatically, but
also provides details of the fault, such as the size and time-
varying behavior of the fault. Besides, once a fault is deter-
mined, fault tolerant control can be adopted to compensate
for it, which requires a simultaneous state and fault estima-
tion.8,9 Thus, state estimation observers that can provide the
Fig. 1 State estimation errors in Case 1 by different methods.
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attracted a lot of attention.
Much research effort has been devoted in this area and
fruitful results have been published. To mention a few, propor-
tional multi-integral observers were designed in Refs.10,11 to
achieve fault estimation for linear and nonlinear descriptor
system. In Refs.12,13, actuator fault estimation based on neural
network was considered. In Refs.14,15, adaptive observer tech-
nique has been used to estimate fault. In Refs.16,17, fault esti-
mation is investigated by sliding mode observers.
Among various approaches developed in the past, the aug-
mented observer has attracted increasing attention due to its
simplicity and the potential for simultaneously estimate system
states and faults. The main idea of this kind of observer lies in
addressing the faults as additional state variables. Accordingly,
a variety of important results have been reported in the litera-
ture. For example, the actuator fault estimation based on aug-
mented observer has been addressed in Refs.18,19 for linear
time invariant systems, and in Ref.20 for linear parameter-
varying systems. Fault diagnosis using augmented observer
for rotor systems and satellite attitude control systems have
been investigated in Refs.21,22 and Refs.23,24, respectively. In
Ref.25, a nonlinear augmented observer is designed and
applied to a quadrotor aircraft. There are also much literature
which can be viewed as the transformations of the augmented
observers, such as Refs.26,27. However, the traditional aug-
mented observer is conservative as the faults are assumed to
be slowly-varying. In this situation, the constant fault estima-
tion is guaranteed to be unbiased, but it fails to deal with the
rapidly-varying fault. Besides, systematic and convenient
approaches for the design of nonlinear augmented observers
remain lacking in the available literature.
Inspired by the research problems above, in this paper, a
nonlinear augmented observer is designed and applied to satel-
lite attitude control systems. Unlike in Refs.23,24, the Takagi-
Sugeno fuzzy model is used to linearise the satellite attitude
dynamics or only slowly-varying fault is considered. The
augmented observer proposed in this paper can handle the esti-
mation problem for a large class of actuator faults. Moreover,no equivalent transformations are needed for obtaining this
observer. Our design uses only original coefficient matrices,
thus the observer is convenient and reliable in computations.
In summary, the main contributions of this paper are as fol-
lows: (1) a new nonlinear augmented observer with a novel
structure is proposed to estimate states and actuator faults
for satellite attitude control systems; (2) the observer parame-
ters can be computed directly using linear matrix inequalities
(LMIs) with original coefficient matrices; (3) multiple
rapidly-varying faults can be estimated within one design.
The rest of this paper is organized as follows. Section 2
briefly describes problem statement. In Sections 3 and 4, the
design of the augmented observers is developed in detail for
two cases, respectively. Section 3 concerns with the ideal case
in which the finite times derivatives of the faults is assumed
to be zero piecewise. Section 4 deals with the general case that
the finite times derivatives of the faults is not null but bounded
and disturbances cannot be neglected. Simulations are pro-
vided in Section 5 via an example of a satellite attitude control
system. Conclusions are drawn in Section 6.
Notation. The notation used in the present paper is fairly
standard. Rn denotes the n-dimensional Euclidean space, and
Rnm is the set of all real matrices of dimension nm. P > 0
means that P is real symmetric and positive definite. |||| stands
for the usual L2 norm. kmaxðXÞ and kminðXÞ denote the maxi-
mum and minimum eigenvalues of X. The symmetric terms
in a symmetric matrix are denoted by ‘‘”.
2. Problem formulation
Consider a nonlinear dynamic system with actuator fault as
_xðtÞ ¼ AxðtÞ þUðxÞ þ BuðtÞ þ EdðtÞ þ LfðtÞ
yðtÞ ¼ CxðtÞ

ð1Þ
where xðtÞ 2 Rn is the system state vector; uðtÞ 2 Rm and
yðtÞ 2 Rp are the input and the output vectors, respectively;
dðtÞ 2 Rl is the unknown disturbance vector and it is assumed
to be L2 norm bounded; f ðtÞ 2 Rk is the unknown vector that
represents all possible actuator faults; A; B; C; E and L are
known constant real matrices of appropriate dimensions, and
the pair ðA;CÞ is observable; the nonlinear vector function
UðxÞ is assumed to be Lipschitz nonlinear with a Lipschitz
constant c, i.e.,
kUðxÞ Uðx^Þk 6 ckx x^k ð2Þ
where x^ is the estimation of x.
In this paper, our goal is to develop a new augmented
observer to estimate system states and fault simultaneously.
And then an effective way to calculate the design parameters
is given. First, Section 3 discusses an augmented observer for
an ideal case in which system disturbances are neglected and
fðtÞ is assumed to be in a general form as follows:
fðtÞ ¼ F0 þ F1tþ F2t2 þ . . .þ Fq1tq1 ð3Þ
where Fi ði ¼ 0; 1; . . . ; q 1Þ are unknown constant vectors.
One can see that the qth derivative of fðtÞ with respect to time
is zero (i.e., f ðqÞ ¼ 0). And then, Section 4 discusses a robust
augmented observer for a more general case in which the sys-
tem is subjected to disturbances and f ðqÞ is not null but
bounded. One can see that the fault considered in this paper
may be unbounded.
716 Y. Cheng et al.It is worth noting that the fault in the form of Eq. (3) can
describe a large class of faults.26,27 For instance, constant
faults correspond to Eq. (3) with q ¼ 1 and ramp-wise faults
correspond to Eq. (3) with q ¼ 2. Actually, since fðqÞ is required
to be bounded in Section 4, lots of faults can be described in
the form of Eq. (3) using Taylor expansion. Thus, without loss
of generality, we take Eq. (3) to express the considered fault.
3. Augmented observer design: the ideal case
Consider a nonlinear dynamic system without disturbance in
the following form:
_xðtÞ ¼ AxðtÞ þUðxÞ þ BuðtÞ þ LfðtÞ
yðtÞ ¼ CxðtÞ

ð4Þ
Letting
ni ¼ f ðiÞ ði ¼ 1; 2; . . . ; q 1Þ ð5Þ
and using f ðqÞ ¼ 0, an augmented system can be constructed as
_xðtÞ ¼ AxðtÞ þ UðxÞ þ BuðtÞ
yðtÞ ¼ CxðtÞ
(
ð6Þ
where
x ¼ xT; fT; nT1 ; . . . ; nTq1
h i
2 Rn
A ¼
A L 0 . . . 0
0 0 I . . . 0
..
. ..
. ..
. ..
.
0 0 0 . . . I
0 0 0 0 0
2
6666664
3
7777775
2 Rnn
B ¼ BT; 0; . . . ; 0 T 2 Rnm
C ¼ ½C; 0; . . . ; 0 2 Rpn
UðxÞ ¼ UTðxÞ; 0; . . . ; 0 T 2 Rn
8>>>>>>>>>><
>>>>>>>>>>:
and n ¼ nþ kq.
According to the augmented system above, the observer
can be constructed as
_zðtÞ ¼ F ^xðtÞ þ TBuðtÞ þ T Uðx^Þ þ GyðtÞ
^xðtÞ ¼ zðtÞ þNyðtÞ
(
ð7Þ
where zðtÞ 2 Rn is the state vector of the designed observer;
^xðtÞ 2 Rn is the estimation of the augmented system state vec-
tor; x^ðtÞ ¼ ½ In; 0nkq ^xðtÞ 2 Rn is the estimation of the origi-
nal system state; F, T, G and N are the matrices to be designed
for the observer, which are required to satisfy Eqs. (8) and (9).
T ¼ INC ð8Þ
F ¼ TA GC ð9Þ
The augmented state estimation error can be defined as
eðtÞ ¼ xðtÞ  ^xðtÞ. The following main concern is to design
an observer such that lim
t!1
e ¼ 0, that is, lim
t!1
ex ¼ 0 and
lim
t!1
ef ¼ 0, where ex ¼ x x^ and ef ¼ f f^ are the state
estimation error and fault estimation error, respectively, withf^ðtÞ ¼ ½ 0n; Ik; 0nkðq1Þ ^xðtÞ 2 Rk the estimation of fault
vector.
Theorem 1. For the given constant c, if there exist matrices
P > 0 and F such that the following condition holds:
D ¼ FTPþ PFþ c2PTTTPþ I < 0 ð10Þ
then the observer in the form of Eq. (7) is asymptotically stable
and the estimated error of state and fault converges exponen-
tially to zero.
Proof. According to the system Eq. (6) and observer
Eq. (7), the dynamics of the augmented state error can be
derived as
_eðtÞ ¼ _xðtÞ  _^xðtÞ ¼ T _xðtÞ  _zðtÞ
¼ FeðtÞ þ Tð UðxÞ  Uðx^ÞÞ ð11Þ
Choose the following Lyapunov function:
V1ðtÞ ¼ eTðtÞPeðtÞ ð12Þ
The time derivative of it reads
_V1ðtÞ ¼ _eTðtÞPeðtÞ þ eTðtÞP _eðtÞ
¼ eTðtÞ FTPþ PF eðtÞ þ 2eTPTð UðxÞ  Uðx^ÞÞ ð13Þ
Considering that k UðxÞ  Uðx^Þk 6 ckx ^xk ¼ ckek, we
obtain
_V1ðtÞ6 eTðtÞðFTPþPFÞeðtÞ þ c2eTðtÞPTTTPeðtÞ þeTðtÞeðtÞ
¼ eTðtÞDeðtÞ ð14Þ
It follows that
_V1ðtÞ 6 kek2kminðDÞ ð15Þ
Thus, the augmented observer ensures that eðtÞ ! 0 as
t!1.
On the other hand, the Lyapunov function satisfies that
_V1ðtÞ 6 kmaxðPÞkek2 ð16Þ
Thus, one has
kminðDÞkek2V1ðtÞ
kmaxðPÞkek2
P kminðDÞkek2 ð17Þ
Substituting Eq. (15) into Eq. (17) gives
_V1ðtÞ 6 kminðDÞkmaxðPÞ V1ðtÞ ð18Þ
Integrating Eq. (18), one can obtain
V1ðtÞ 6 V1ð0Þ  expðltÞ where l ¼ kminðDÞkmaxðPÞ > 0.
Since kminðPÞkek2 6 V1ðtÞ, we have
Fig. 2 Faults and their estimates in Case 1 by different methods.
Fig. 3 State estimation errors in Case 2 by different methods.
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ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
V1ð0Þ
kminðPÞ
s
exp  l
2
t
 	
6
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kmaxðPÞ
kminðPÞ
s
keð0Þk exp  l
2
t
 	
ð19ÞTherefore, the augmented observer is asymptotically stable
and the estimated error of state and fault converges to zero
exponentially at a rate greater than exp  l
2
t
 	
. h4. Robust augmented observer design: the general case
In this section, the general case is considered. The nonlinear
dynamic system is subject to disturbances and f (q) is not zero
but assumed to be bounded.
For the system given in Eq. (1), let
ni ¼ f ðiÞ ði ¼ 1; 2; . . . ; q 1Þ and define the augmented state
vector as in Eq. (6), then we have an augmented system as
_xðtÞ ¼ AxðtÞ þ UðxÞ þ BuðtÞ þ EdðtÞ þ Qf ðqÞðtÞ
yðtÞ ¼ CxðtÞ
(
ð20Þ
where
E ¼ ET; 0; . . . ; 0 T 2 Rnl
Q ¼ ½0; . . . ; 0; IT 2 Rnk
(
and the other symbols are the same as those defined in Eq. (6).
Theorem 2. For the given constant c and d, if there exist
matrices P > 0 and F such that the following condition holds:
N ¼
Dþ I PTE PTQ
 d2I 0
  d2I
2
64
3
75 < 0
D ¼ FTPþ PFþ c2PTTTPþ I
8>><
>>:
ð21Þ
Fig. 4 Faults and their estimates in Case 2 by different methods.
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is, the estimated error of state and fault is uniformly bounded.
Proof. According to the observer Eq. (7) and system Eq. (20),
the dynamics of the augmented state error can be derived as
_eðtÞ ¼ _xðtÞ  _^xðtÞ ¼ T _xðtÞ  _zðtÞ
¼ FeðtÞ þ Tð UðxÞ  Uðx^ÞÞ þ TEdðtÞ þ T QfðqÞðtÞ ð22Þ
Choose the following Lyapunov function:
V2ðtÞ ¼ eTðtÞPeðtÞ ð23Þ
The time derivative of it reads
_V2ðtÞ ¼ _eTðtÞPeðtÞ þ eTðtÞP _eðtÞ
¼ eTðtÞ FTPþ PF eðtÞ þ 2eTPTð UðxÞ  Uðx^ÞÞ
þ 2eTPT Edþ QfðqÞ  ð24Þ
Considering that k UðxÞ  Uðx^Þk 6 ckx ^xk ¼ ckek, we
obtain
_V2ðtÞ 6 eTðtÞ FTPþ PF
 
eðtÞ þ c2eTðtÞPTTTPeðtÞ
þ eTðtÞeðtÞ þ 2eTPT Edþ Qf ðqÞ 
¼ eTðtÞDeðtÞ þ 2eTPT Edþ Qf ðqÞ  ð25Þ
Define
J ¼
Z T
0
_V2ðtÞ þ eTðtÞeðtÞ  d2mTðtÞmðtÞ
 
dt ð26Þwhere T > 0 is the integral time and
mTðx; u; tÞ ¼ dTðtÞ; fðqÞ Th iT represents uncertainties vector.
Then it is clear that
J 6
Z T
0
½eTðtÞDeðtÞ þ 2eTPTðEdþ Qf ðqÞÞ þ eTðtÞeðtÞ
 d2ðdTðtÞdðtÞ þ ðf ðqÞÞTf ðqÞÞ dt
¼
Z T
0
ðnTðtÞNnðtÞÞ dt 6
Z T
0
ðknk2kminðNÞÞ dt ð27Þ
where nTðx; u; tÞ ¼ eTðtÞ; d
TðtÞ; ðf ðqÞÞT

 T
.
Under the zero initial condition, we have
Z T
0
eTðtÞeðtÞ  d2mTðtÞmðtÞ  dt ¼ J V2ðTÞ < 0 ð28Þ
Therefore,
Z T
0
eTðtÞeðtÞ dt < d2
Z T
0
mTðtÞmðtÞ dt ð29Þ
h
Remark 1. If there are no disturbances and f ðqÞ ¼ 0, Eq. (25)
reduces to Eq. (14). Since the matrix D is a negative matrix
according to Schur Complement Lemma, one can see that it
is just the result which has been addressed in the ideal case.
Thus, the observer designed in the ideal case serves as a partic-
ular case of robust augmented observer design.
Simultaneous state and actuator fault estimation for satellite attitude control systems 719Remark 2. Toobtain the augmented observer discussed, how to
calculate the corresponding matrices F; T; G and N is an
important problem. In the following section, the solution of the
above theorem is achieved by transferring inequality (21) to an
LMI with the required transformation. Thus, the problem can
be solved easily from the standard scientific computing software.
According toSchurComplementLemma,N < 0 in inequality
(21) can be rewritten into the following matrix inequality form:
N ¼
K cPT PTE PTQ
 I 0 0
  d2I 0
   d2I
2
6664
3
7775 < 0
K ¼ FTPþ PFþ 2I
8>>><
>>>:
ð30Þ
Substituting T ¼ INC and F ¼ ANCA GC into
Eq. (30), and letting X ¼ PN and Y ¼ PG, we have
N ¼
K cP cXC PE XCE PQ XCQ
 I 0 0
  d2I 0
   d2I
2
6664
3
7775 < 0
K ¼ ATPþ PA AT CTXT  XCA CTYT  YCþ 2I
8>>><
>>>:
ð31Þ
This matrix inequality can be solved by using MATLAB
LMI toolbox with X; Y and P as the matrix variables. Once
X; Y and P are obtained, one can get N ¼ XP1 and
G ¼ YP1. Furthermore, T and F can be determined by using
Eqs. (8) and (9) and then the observer is obtained.
Remark 3. In order to compare the proposed method with the
traditional method, a system without disturbance is considered
and the fault is assumed to be in the form of Eq. (3).
Generally speaking, constant fault is only considered in
traditional augmented observer. That is, it is assumed that
fðtÞ ¼ 0. The corresponding algorithm can be viewed as our
designed observer Eq. (7) for the following system.
_xðtÞ ¼ AxðtÞ þ UðxÞ þ BuðtÞ þ Qfð1ÞðtÞ
yðtÞ ¼ CxðtÞ
(
ð32Þ
where x ¼ xT; fT  2 Rn; UðxÞ ¼ UTðxÞ; 0 T 2 Rn; B ¼
BT; 0
 T 2 Rnm; C ¼ C; 0½  2 Rpn; n ¼ nþ q; A ¼ A L
0 0

 
2 Rnn; Q ¼ ½0; IT 2 Rnk:
According to the discussion of Section 4, the observer can be
designed such that the estimated error of state and fault is
uniformly bounded. That is,
R T
0
eTðtÞeðtÞ dt < d2 R T0 mTðtÞmðtÞ
dt, where mTðx; u; tÞ ¼ 0; ðf ð1ÞÞT
h iT
.
However, as designed in Section 3, our proposed aug-
mented observer can achieve an unbiased estimation of the
state and the fault. Case 1 in simulation part is carried out to
verify the above analysis and show the effectiveness.5. Application
5.1. Mathematical model of satellite attitude control system
In this section, the effectiveness of the proposed estimation
method is illustrated by considering a satellite attitude control
system. The dynamics model with actuator faults can be given
in state space formulation as Ref.28.
_xðtÞ ¼ UðxÞ þ BuðtÞ þ EdðtÞ þ LfðtÞ
yðtÞ ¼ CxðtÞ

ð33Þ
where x ¼ ½xx;xy;xzT is the angular velocity vector;
uðtÞ ¼ ½ux; uy; uzT is the control torque of actuator;
dðtÞ ¼ ½Tdx;Tdy;TdzT is the unknown disturbance torque due
to the space environment, such as solar radiation;
fðtÞ ¼ ½fxðtÞ; fyðtÞ; fzðtÞT is the fault vector, with
fxðtÞ; fyðtÞ and fzðtÞ representing the actuator fault of x-axis,
y-axis and z-axis, respectively; yðtÞ is the measurement of the
gyro; UðxÞ ¼ IyIzIx xyxz; IzIxIy xzxx;
IxIy
Iz
xxxy
h iT
is the
nonlinear term of the satellite dynamics and Ix; Iy; Iz repre-
sent the principle axis moments of inertia; the corresponding
matrices are B ¼ L ¼ E ¼ diagf1=Ix; 1=Iy; 1=Izg, C ¼ d ¼ I33.
The satellite is assumed to be running in a small angle
maneuver, which means that the nonlinear vector function
UðxÞ is locally Lipschitz nonlinear and satisfies the condition
Eq. (2). The moment of inertia matrix is assumed as
Im ¼ diag 930; 800; 1070ð Þ kg m2. The orbital angular velocity
x0 ¼ 0:001 rad=s and initial attitude angle velocity
xð0Þ ¼ 1; 1; 1½ T  105 rad=s. The satellite is equipped with
three actuators dispatched at each principle axis and the max-
imum control torque of each actuator is umax ¼ 0:1 N m.
Since solar radiation is periodic, we assume that the distur-
bance torque as dðtÞ ¼ 1:4 105; 1:4 105; 1:4 105 T
sinðx0tÞ N m.
5.2. Simulation results
In this simulation, two fault cases are considered to illustrate
the performance of the designed augmented observer. The first
case concerns with the single-fault in ideal situation and the
second case deals with the multiple-fault in general situation.
Case 1. Assume that x-axis actuator suffers a ramp-wise fault
in the following form. That is, friction torque suddenly
increases at 50 s and continued to increase.
fxðtÞ ¼
0 t < 50 s
0:001ðt 50Þ þ 0:01 tP 50 s

It can be seen that the second times derivatives of the fault
is zero piecewise. Therefore, a two-step augmentation (the aug-
mented system in the form of Eq. (20) with q ¼ 2) is carried
out to illustrate the performance of the proposed method.
The curves of the state estimation errors generated by the
proposed method are given in Fig. 1(a). In order to show that
the proposed method is superior to the conventional method, a
traditional augmented observer is also designed. The corre-
sponding simulation results are given in Fig. 1(b). The
720 Y. Cheng et al.trajectories of the faults and their estimates are exhibited in
Fig. 2. It can be seen that the tracking performance is desired.
From Fig. 1(a), it is shown that the state estimation errors
converge to zero. From Fig. 2(a), one can see that the fault is
estimated successfully. Therefore not only the x-axis actuator
fault is detected, but also the accurate fault information is
provided. It can be seen that the state estimation errors in
Fig. 1(b) are bounded but not converge to zero. It is not
surprising, because the traditional observer serves as one-step
augmented observer. This observer can only achieve the
unbiased estimation for the fault whose first times derivatives
is zero. The estimation performance shown in Fig. 2(b) is
obviously less satisfactory than that shown in Fig. 2(a).
Case 2. It is supposed that the x-axis actuator and y-axis actu-
ator are prone to faults simultaneously, and z-axis actuator is
fault free. The faults are considered in the following form.
Friction torque of x-axis actuator rapidly increased after 50 s
and stabilized at a certain value after 80 s. Friction torque of
y-axis actuator increased periodically after 40 s.
fxðtÞ ¼
0 t < 50 s
5 105ðt 50Þ2 þ 2 104
ðt 50Þ þ 0:01 50 s 6 t < 80 s
0:061 tP 80 s
8>><
>>:
fyðtÞ ¼
0 t < 40 s
1:5 102 sinð0:3ðt 40ÞÞ tP 40 s

We still use the observer designed in Case 1. The curves of
the state estimation errors and the estimated faults by the pro-
posed method and traditional method are shown in Figs. 3 and
4, respectively. Since the disturbances exist and the second
times derivatives of the faults are not zero, the state estimation
errors in Fig. 3(a) are not zero but bounded. It can be seen
from Fig. 4(a) that the two faults are estimated satisfactorily.
Therefore, both the faults of x-axis actuator and y-axis actua-
tor are detected and identified successfully by our proposed
method, which means that the designed augmented observer
has the ability to diagnose multiple faults simultaneously.
From Fig. 3(b) and Fig. 4(b), it can be seen that the two faults
can also be detected and estimated, but the estimation perfor-
mance is less accurate than the results of our proposed method
obviously.
From the above simulation results, it can be concluded that
for the ramp-wise fault in Case 1, an unbiased estimation of
the fault can be achieved using our proposed method, but
the traditional method can only achieve a biased estimation.
As for the two rapidly-varying faults in Case 2, estimation of
two simultaneous faults can be both achieved using our pro-
posed and traditional methods, but our method can enhance
the performances of rapidly-varying faults estimation. Thus,
our proposed augmented observer outperforms the traditional
augmented observer.
6. Conclusions
(1) In this paper, an augmented observer is presented to
simultaneously estimate the states and actuator faults
for nonlinear Lipschitz systems. Both of an ideal caseand a more general case are considered with detailed
theoretical analyses. The design of the observer only
adopts the original coefficient matrices. Based on LMIs
techniques, the observer parameters are conveniently
computed. Compared with the conventional method,
the proposed augmented observer can improve the per-
formances of fault estimation. The effectiveness is illus-
trated by a satellite attitude control system. It is shown
that not only single fault but also multiple rapidly-
varying faults can be estimated successfully.
(2) Further research work includes two aspects. The first
one is that although the robust nonlinear augmented
observer is designed in this paper, disturbances should
be further tackled using perfect or approximate decou-
pling strategy. Since only dynamics model of satellite
attitude is considered, extension of the system model
by adding kinemics model has more research signifi-
cance, which should be investigated to further verify
the proposed method.
Acknowledgements
This work was supported by the National Basic Research Pro-
gram of China (No. 2012CB720003) and the National Natural
Science Foundation of China (No. 61203151).
References
1. Gao CY, Zhao Q, Duan GR. Robust actuator fault diagnosis
scheme for satellite attitude control systems. J Franklin Inst
2013;350(9):2560–80.
2. Zhang J, Swain AK, Nguang SK. Robust sensor fault estimation
scheme for satellite attitude control systems. J Franklin Inst
2013;350(9):2581–604.
3. Pirmoradi FN, Sassani F, de Silva CW. Fault detection and
diagnosis in a spacecraft attitude determination system. Acta
Astronaut 2009;65(5):710–29.
4. Niu EZ, Wang Q, Dong CY. Robust fault detection and
optimization for a network of unmanned vehicles with imperfect
communication channels. Chin J Aeronaut 2014;27(1):65–75.
5. Wang ZL, Wang Q, Dong CY, Gong LG. Closed-loop fault
detection for full-envelope flight vehicle with measurement delays.
Chin J Aeronaut 2015;28(3):832–44.
6. Ding SX. Model-based fault diagnosis techniques. New
York: Springer; 2012. p. 3–11.
7. Marzat J, Piet-Lahanier H, Damongeot F, Walter E. Model-based
fault diagnosis for aerospace systems: a survey. Proc Inst Mech
Eng, Part G: J Aerosp Eng 2012;226(10):1329–60.
8. Xiao B, Hu Q, Singhose W, Huo X. Reaction wheel fault
compensation and disturbance rejection for spacecraft attitude
tracking. J Guid Control Dyn 2013;36(6):1565–75.
9. Zhong L, Fe´lix M-C. A two-stage approach for managing
actuators redundancy and its application to fault tolerant flight
control. Chin J Aeronaut 2015;28(2):469–77.
10. Gao ZW, Ding SX. Fault estimation and fault-tolerant control for
descriptor systems via proportional, multiple-integral and deriva-
tive observer design. IET Control Theory Appl 2007;1(5):1208–18.
11. Gao ZW, Ding SX. Actuator fault robust estimation and fault-
tolerant control for a class of nonlinear descriptor systems.
Automatica 2007;43(5):912–20.
12. Talebi HA, Khorasani K. A neural network-based multiplicative
actuator fault detection and isolation of nonlinear systems. IEEE
Trans Control Syst Technol 2013;21(3):842–51.
Simultaneous state and actuator fault estimation for satellite attitude control systems 72113. Wang ZH, Shen Y, Zhang XL. Actuator fault estimation for a
class of nonlinear descriptor systems. Int J Syst Sci 2014;45
(3):487–96.
14. Zhang K, Jiang B, Cocquempot V. Adaptive observer-based fast
fault estimation. Int J Control Autom Syst 2008;6(3):320–6.
15. Shahriari-kahkeshi M, Sheikholeslam F, Askari J. Adaptive fault
detection and estimation scheme for a class of uncertain nonlinear
systems. Nonlinear Dyn 2015;79(4):2623–37.
16. Alwi H, Edwards C, Tan CP. Sliding mode estimation schemes for
incipient sensor faults. Automatica 2009;45(7):1679–85.
17. Menon PP, Edwards C. A sliding mode observer for monitoring
and fault estimation in a network of dynamical systems. Int J
Robust Nonlinear Control 2014;24(17):2669–85.
18. Shi F, Patton RJ. Simultaneous state and fault estimation for
descriptor systems using an augmented PD observer. Proceedings
of the 19th IFAC world congress; 2014 Aug 24–29; Cape Town,
South Africa. Heidelberg: IFAC; 2014. p. 8006–11.
19. Patton RJ, Klinkhieo S. Actuator fault estimation and compen-
sation based on an augmented state observer approach. Proceed-
ings of the 48h IEEE conference on decision and control; 2009 Dec
16–18; Shanghai, China. Piscataway (NJ): IEEE Press; 2009. p.
8482–7.
20. Wang ZH, Mickael R, Didier T, Shen Y. Actuator fault estimation
observer design for discrete-time linear parameter-varying descrip-
tor systems. Int J Adapt Control Signal Process 2015;29(2):242–58.
21. Wang Z, Schittenhelm RS, Borsdorf M, Rinderknecht S. Appli-
cation of augmented observer for fault diagnosis in rotor systems.
Eng Lett 2013;21(1):10–7.
22. Wang Z, Schittenhelm RS, Rinderknecht S. Design of augmented
observer for rotor systems. In: Kim HK, Ao SI, Amouzegar MA,
Rieger BB, editors. IAENG transactions on engineering technolo-
gies. New York: Springer, Netherlands; 2014. p. 67–82.
23. Challoo R, Dubey S. Simultaneous state and actuator fault
estimation with fuzzy descriptor PMID and PD observers for
satellite control systems. Int J Robot Autom 2011;2(5):344–59.24. Wang ZH, Shen Y, Zhang XL. Augmented observer-based
actuator fault diagnosis for nonlinear systems. J Astronaut
2012;33(12):1742–6 [Chinese].
25. Wang XH, Shirinzadeh B. Nonlinear augmented observer design
and application to quadrotor aircraft. Nonlinear Dyn 2015;80
(3):1463–81.
26. Gao ZW, Ho DW. State/noise estimator for descriptor systems
with application to sensor fault diagnosis. IEEE Trans Signal
Process 2006;54(4):1316–26.
27. Koenig D. Unknown input proportional multiple-integral obser-
ver design for linear descriptor systems: application to state and
fault estimation. IEEE Trans Autom Control 2005;50(2):212–7.
28. Wang RX, Cheng Y, Xu MQ. Analytical redundancy based fault
diagnosis scheme for satellite attitude control systems. J Franklin
Inst 2015;352(5):1906–31.
Cheng Yao received the M.E. degree in general and fundamental
mechanics from Harbin Institute of Technology, Harbin, China, in
2012, where he is currently working toward the Ph.D. degree in the
Deep Space Exploration Research Center. His current research inter-
ests include fault diagnosis for dynamical systems, soft-computing
methods and qualitative reasoning.
Wang Rixin is an associate professor with Harbin Institute of Tech-
nology. His research interests include fault detection and diagnosis for
machinery and spacecraft.
Xu Minqiang is a professor with Harbin Institute of Technology. His
research interests include machinery and spacecraft fault diagnosis,
signal processing and space debris modeling.
Li Yuqing is an instructor with Harbin Institute of Technology. His
main research interests are planning and scheduling, satellite range
scheduling, and autonomous spacecraft.
